15 Whereas the gill chambers of extant jawless vertebrates (lampreys and hagfish) open directly into 16 the environment, jawed vertebrates evolved skeletal appendages that promote the unidirectional flow 17 of oxygenated water over the gills. A major anatomical difference between the two jawed vertebrate 18 lineages is the presence of a single large gill cover in bony fishes versus separate covers for each gill 19 chamber in cartilaginous fishes. Here we find that these divergent gill cover patterns correlate with 20 the pharyngeal arch expression of Pou3f3 orthologs. We identify a Pou3f3 arch enhancer that is 21 deeply conserved from cartilaginous fish through humans but undetectable in lampreys, with minor 22 sequence differences in the bony versus cartilaginous fish enhancers driving the corresponding single 23 versus multiple gill arch expression patterns. In zebrafish, loss of Pou3f3 gene function disrupts gill 24 cover formation, and forced expression of Pou3f3b in the gill arches generates ectopic skeletal 25 elements resembling the multiple gill cover pattern of cartilaginous fishes. Emergence of this Pou3f3 26
enhancer >430 mya and subsequent modifications may thus have contributed to the acquisition and
27 diversification of gill covers and respiratory strategies during gnathostome evolution. 28 29 Main text 30 Jawed vertebrates have evolved different anatomical structures to protect and ventilate their gills (Fig. 1a,g) . 31 In bony fishes, the second pharyngeal arch (hyoid) grows caudally over the posterior gill-bearing arches to 32 form a single large gill cover (operculum) supported by intramembranous bones. Although humans and 33 other tetrapods lack functional gills, growth of the hyoid arch over the posterior arches is conserved. The 34 hyoid outgrowth ultimately merges with the trunk to close off the pharyngeal cavity, with defects in this 35 process resulting in branchial cysts and fistulae in humans (e.g. Branchiootorenal syndrome) 1,2 . By contrast, 36 in elasmobranch cartilaginous fishes (sharks, skates, and rays), the hyoid and four posterior arches each 37 undergo posterior-directed growth to generate five separate gill covers supported by cartilaginous rays. In 38 holocephalans, the other extant group of cartilaginous fishes, five separate gill covers also form initially, 39 yet subsequent stalled growth of the four posterior covers results in a single hyoid-derived gill cover 3 . Gill 40 cover formation is stimulated by an epithelial signaling center called the posterior ectodermal margin 41 (PEM) that develops along the caudal rim of the hyoid arch in bony fishes and arches 2-6 in cartilaginous 42 fishes (later refined to just arch 2 in holocephalans) ( Fig. 1g) 1, 3, 4 . The PEM is a source of Shh, Fgfs, and 43 Bmps 4-7 that are believed to act on the underlying neural crest-derived mesenchyme that generates the gill 44 cover skeleton and connective tissues. Whether this mesenchyme possesses a pre-pattern for single versus 45 multiple gill covers, or simply receives instructive information from the PEM, had not been examined. 46 POU Class 3 Homeobox 3 (POU3F3), also known as BRN1, is a proneural transcription factor with 47 widespread expression in the developing central nervous system 8 as well as in dorsal pharyngeal arch 48 mesenchyme. We noted that zebrafish 9 , mouse 10 , and frog 11 Pou3f3 homologs are atypical among arch- 49 enriched genes in that they are expressed only in the mandibular (first) and hyoid arches and not in the more 50 posterior gill-forming arches ( Fig. 1e-f ; compare with dlx2a, dlx6a, and hand2 in Extended Data Fig. 1a-51 b). At later stages, zebrafish pou3f3a and pou3f3b are restricted to the growing gill cover (Extended Data 52 3 Fig. 1c-d) . This restriction to the forming gill cover prompted us to examine the expression of Pou3f3 53 orthologs in species with divergent gill cover patterns. In the sea lamprey (Petromyzon marinus), a jawless 54 vertebrate lacking gill covers, we detected expression of the three Pou3 homologs Pou3a, Pou3b, and Pou3c 55 in the brain but not the pharyngeal arches (Fig. 1b, Extended Data Fig. 2 ). In the little skate (Leucoraja 56 erinacea), an elasmobranch with five gill covers, Pou3f3 is expressed in the brain and arches 1-6 ( Fig. 1c) . 57 In the elephant fish (Callorhinchus milii), a holocephalan, Pou3f3 initially displayed expression in arches 58 1-5 and the brain but later became restricted to the hyoid and mandibular arches, consistent with the 59 secondary regression of the posterior covers 3 (Fig. 1d ). These patterns collectively indicate ancestral 60 expression of Pou3f3 homologs in the brain, with co-option of Pou3f3 into arch mesenchyme in jawed 61 vertebrates tightly correlating with the presence, number, and developmental progression of gill covers 62 across diverse species. 63 We next sought to identify cis-regulatory elements that could explain the distinct Pou3f3 expression Table 1 ). In transgenesis assays, both pou3f3b-Dr1 and 68 pou3f3a-Dr4 drove GFP expression in neural crest-derived mesenchyme of the dorsal mandibular and hyoid 69 arches at 36 hours post fertilization (hpf), with limited or no expression in the posterior arches 70 Extended Data Fig. 3c ). Neither Dr1 nor Dr4 drove CNS expression, in contrast to a pou3f3b Gal4ff ; 71 UAS:nlsGFP knock-in reporter line that recapitulates endogenous pou3f3b expression in the CNS as well 72 as the dorsal first and second arches (Fig. 2d, . At 6-7 days post fertilization (dpf), 73 pou3f3b-Dr1 but not pou3f3a-Dr4 continued to drive robust expression in the operculum ( Fig. 2e , Extended 74 Data Fig. 3c ), consistent with the broader endogenous expression of pou3f3b during opercular outgrowth 75 (Extended Data Fig. 1c-d ). We focused on pou3f3b-Dr1 for further analysis, as pou3f3a-Dr4 is conserved 76 only in the teleost fish species most closely related to zebrafish (e.g. cavefish, catfish, and piranha) 77 (Extended Data Fig. 5 ). Within pou3f3b-Dr1, we identified a 515-bp 5' fragment ("Dr1A") that drove 78 4 expression in only the maxillary domain, similar to pou3f3a-Dr4 (Extended Data Fig. 3b-d ). We also 79 identified a central 610-bp sequence ("Dr1B") that drove robust expression in the dorsal mandibular and 80 hyoid arches starting at 36 hpf and the growing operculum at 7 dpf ( Fig. 2a, d-e ). Whereas Dr1A is found 81 only in teleost fish (n = 43/45 genomes; Extended Data Fig. 5 ), Dr1B is exceptionally well conserved across 82 gnathostomes ( Fig. 2b) . Homologous sequences were recovered in syntenic regions of all mammalian (n = 83 20), avian (5), reptilian (5), amphibian (1) and cartilaginous fish (4) genomes evaluated (Extended Data 84 Table 1 ). Zebrafish Dr1B was the most divergent in an alignment of 11 vertebrate 1B sequences, and no 85 1B sequence could be retrieved in 12/45 teleosts , in line with previous work 86 showing rapid evolution of regulatory sequences following the teleost whole-genome duplication ~300 87 mya 12 . We also did not identify homologous Dr1B sequences in lamprey or two invertebrate chordates 88 (amphioxus and tunicate) that lack gill covers. In addition, we independently predicted the human "Hs1B" 89 and mouse "Mm1B" sequences as enhancers by virtue of their open chromatin and 25-state epigenomic 90 annotation in published datasets for human and mouse neural crest-derived cells ( Fig. 2a ) [13] [14] [15] [16] . 91 We next examined the ability of 1B sequences from diverse vertebrates to drive arch expression patterns 92 corresponding to their gill cover patterns. To do so, we cloned 1B sequences from three bony vertebrates 93 (zebrafish, spotted gar, human) and two cartilaginous fishes (little skate and elephant fish) and tested their 94 abilities to drive GFP expression in zebrafish stable transgenesis assays. At 36 hpf, 1B sequences from all 95 five species directed GFP expression in hyoid and mandibular arch mesenchyme, with few or no GFP + cells 96 in the posterior arches ( Fig. 2d ). However, these patterns conspicuously diverged by 7 dpf. Whereas the 97 zebrafish, gar, and human enhancers drove expression primarily in the operculum, skate and elephant fish 98 enhancers drove strong expression in the operculum and all posterior gill-bearing arches ( Fig. 2e ). The Given the strong correlation of Pou3f3 expression with gill cover pattern, we next assessed the 105 requirement for Pou3f3 in gill cover development. We generated zebrafish pou3f3a el489 and pou3f3b el502 106 frame-shift alleles with TALENs and confirmed total loss of protein expression in double-mutants with a 107 pan-Pou3f3 antibody (Extended Data Fig. 7a-b ). The fan-shaped opercle and adjacent subopercle 108 intramembranous bones form the primary skeleton of the operculum in teleost fishes (Fig. 3a ). Whereas 109 adult pou3f3a mutants appear normal, adult pou3f3b mutants have variably truncated gill covers ( Fig. 3b ) 110 associated with reduced opercles and missing subopercle bones ( Fig. 3c ), as well as fragmented infraorbital 111 bones (not shown). The opercle is entirely absent in compound pou3f3b mutants lacking one or both copies 112 of pou3f3a ( Fig. 3d ), which develop cardiac edema and die at approximately 6-7 dpf. By contrast, the 113 branchiostegal ray bone, derived from more ventral hyoid arch cells that do not express pou3f3a/b 18 , 114 develops normally in double-mutants, as assessed by a RUNX2:mCherry osteoblast reporter line and 115 endogenous runx2b expression at 3 dpf ( Fig. 3e ; Extended Data Fig. 7c ), despite a failure of mineralization 116 that is likely secondary to edema. Double mutants also display reductions in the hyomandibular cartilage 117 (to which the opercle bone attaches) and its sox9a + progenitors ( Fig. 3d-f ), as well as loss of the specialized 118 joint cells (trps1:GFP + ) that connect the opercle to the hyomandibula and disorganization of opercular 119 muscles (Extended Data Fig. 7d-e ). A requirement for Pou3f3 in bone and cartilage development in the 120 dorsal (i.e. proximal) mandibular and hyoid arches is also conserved in mammals, as Pou3f3 -/mice lack 121 squamosal and jugal bones (mandibular derivatives) and display an abnormal stapes cartilage (hyoid 122 derivative) 10 . 123 To interrogate the cellular basis of gill cover defects in Pou3f3 mutants, we analyzed pou3f3a -/-; 124 pou3f3b Gal4ff/el502 ; UAS:nlsGFP embryos. As the knock-in disrupts the pou3f3b gene, these display similar 125 opercular defects as pou3f3a -/-; pou3f3b el502/el502 mutants (Extended Data Fig. 4a slowed by 72 hpf and completely stalled by 95 hpf, reflected by a significant decrease in the area of the 131 pou3f3b-labeled dorsal hyoid arch as early as 72 hpf ( Fig. 3g-h ). This failure of opercular outgrowth may 132 be due in part to reduced proliferation, as there was a trend toward fewer BrdU + pou3f3b-labeled cells at 133 72 hpf that became highly significant by 96 hpf (Fig. 3i-j ; confirmed by pHH3 and PCNA staining 134 (Extended Data Fig. 8) ). The failure of sustained opercular growth is likely due to defects in the 135 mesenchyme and not the PEM. Expression of PEM markers shha, bmp7b, and fgf24 was unaltered in 136 mutants at 48 hpf ( Fig. 3k ). Further, transplantation of wild-type neural crest precursor cells into pou3f3a +/-137 ; pou3f3b -/mutants fully rescued opercle bone formation, indicating that Pou3f3 function is sufficient in 138 arch mesenchyme for development of the gill cover skeleton ( Fig. 3l) . 139 Next, we tested whether forced expression of Pou3f3b in the posterior arches was sufficient to induce 140 the formation of ectopic gill cover-like structures in zebrafish. To do so, we used a fli1a:Gal4VP16 141 transgene to drive a UAS:pou3f3b transgene throughout post-migratory arch mesenchyme. At 4 dpf, 142 Pou3f3b misexpression resulted in ectopic posterior-directed cartilaginous processes extending from the 143 dorsal tips of the third and fourth arch-derived ceratobranchial (CB) cartilages, consistent with ectopic 144 expression of pou3f3b observed in the third and fourth arches at 36 hpf (Fig. 4a,c) . The facial skeleton, in 145 particular the jaws, was also hypoplastic, potentially reflecting that pou3f3b was also ectopically expressed 146 in the normally Pou3f3-negative ventral jaw-forming region. We also observed similar ectopic cartilaginous 147 processes form in zebrafish kat6a (moz) mutants, in which Hox genes are downregulated in the posterior 148 gill-forming arches 19 and pou3f3b becomes ectopically expressed in the third and fourth arches ( Fig. 4b,e ). 149 Intriguingly, the 1B enhancer is the only sequence in the murine Pou3f3 locus bound by HOXA2 and its 150 Pbx/Meis cofactors in ChIP-seq assays of hyoid arch cells 20 ( Fig. 2a ), suggesting that Hox transcription 151 factors might act through the 1B enhancer to prevent posterior arch expression of Pou3f3 orthologs in the 152 bony fish clade. Whereas posterior arch expression of pou3f3b was linked to ectopic skeletal elements, 153 lethality by 7 dpf in both pou3f3b-misexpression and kat6a mutant embryos precluded us from assessing 154 whether more extensive ectopic gill covers might form. We also noted no ectopic shha + PEMs in gill arch 155 epithelia of pou3f3b-misexpression or kat6a -/embryos ( Fig. 4d,f) 19 . Generation of the full multiple gill 156 7 cover state seen in cartilaginous fishes might therefore require the establishment of PEMs in posterior arch 157 epithelia in addition to expression of Pou3f3 orthologs in posterior arch mesenchyme. 158 We propose that in an ancestral gnathostome, co-option of the neural gene Pou3f3 into the arches, 
